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1.  Introduction 
 
Antibiotic resistance in bacteria is a growing problem for military and civilian 
populations.   A recent report from the CDC determined that methicillin resistant 
Staphylococcus (MRSA) caused more deaths in the United States in 2005 that occurred 
due to HIV infection.   In addition, bacterial select agents may have been engineered to 
be resistant to many classes of currently available antibiotics.  Therefore a great need 
exists for discovery of new targets for development of antibiotics.   
 
We have identified a molecular target termed Dna G primase, that is a protein essential 
for bacterial DNA replication and  meets the criteria for novel drug discovery.   
Biochemical and molecular studies were performed to characterize key interactions of 
primase with DNA and a second protein involved in the replication process termed 
helicase.  The primase and helicase proteins for Staphylococcus aureus were cloned and 
expressed for proof of principle studies.  The DNA binding specificities and the helicase 
stimulation response were characterized and shown to differ from E. coli, the only other 
bacteria studied prior to this work. This work is summarized in the attachment manuscript 
number 1.   
 
2.  Cloning and expression of new targets.   
 
The goal of this project was to demonstrate that lessons learned in the prototype test 
system could be applied to other bacteria of special interest to the military including those 
that have been used as biological weapons.  Subsequently, the primase and helicase from 
Yersinia pestis and Bacillus anthracis.  To complete the analysis and clearly demonstrate 



the broad spectrum and narrow spectrum application of our work we also selected other 
bacteria for study.   Therefore Pseudomonas aerugenosa primase was cloned in our 
laboratories and the Geobacillus sterothermophilus and Aquifex aerolicus  were cloned in 
laboratories of our collaborators and purified and tested in our laboratories.   The goal of 
this work was to examine whether the results seen in S. aureus and E. coli were truly 
predictive of all bacteria.  Therefore, we studied not only common pathogens, but also 
bacteria that grow in extreme environments, ie Aquifex aerolicus.  Several problems had 
to be overcome, the most significant being the lack of solubility of primase when it is 
expressed at high concentration.    
 
Results show that the biochemical interactions between primase and DNA are common 
among the Gram positive organisms studied to date and that the key determinants of this 
interaction are different from Gram negative organisms.   Additional studies showed that 
the interactions between primase and helicase were unique and generally specific to the 
species under study.  These findings were correlated with structural information 
regarding those proteins that have been crystallized.  Results of these studies are 
described in published manuscript number 2 and submitted, but currently unpublished 
manuscripts number 1 and 2.   
 
3.  Computational screening. 
 
Two different approaches were taken to identify inhibitory compounds including 
computational modeling and in silico screening of large chemical structure libraries, and 
two, chemical compound library screening.  We identified one compound called 
myricetin that is a known inhibitor of helicases and kinases. We demonstrated that 
myricetin is an effective noncompetitive inhibitor of the ATPase activity of E. coli DnaB 
helicase (IC50 of 11 mM).  This work helped position us to explore other compounds. The 
results of these studies are summarized in attached published manuscript 3.  The 
computational screening identified 10 compounds which were subsequently evaluated.  
None of these compounds showed sufficient promise to be studied further and all efforts 
were directed to the second screening strategy.  
 
4.  Creation of a drug screening paradigm. 
 
As our capability to produce and purify large quantities of primase improved, were were 
able to implement a more comprehensive strategy for identification of lead compounds 
and that was high throughput screening (HPT).  A comprehensive drug screening 
paradigm was developed and 40,000 compounds tested.  In the first screen, 800 
compounds were identified that met the first level of activity, of which 12 were chosen in 
secondary screens and counter screens.  In aggregate these studies have provided a 
comprehensive analysis of the biological properties of replicative primase and revealed 
the potential for an entirely new class of therapeutic agents with either broad spectrum or 
narrow spectrum coverage.   The body of work is now ready for transfer to the next stage 
of development and partnering with a pharmaceutical or biotech company.  



Attachment 4.1 
 
Antimicrobial Discovery Project 
 
Data analysis strategy and summary 
 

Goal:  Optimize the screening assay to detect a 50% reduction in activity in 

presence of inhibitor.   

Experiment one.  In the first experiment using our high throughput screening 

(HTS) assay on the primary screen selected TimTec library, we used 1800 nM Primase + 

200 nM template with compound library concentrations of 20 nM.  Under these 

conditions, it was expected that we would detect a 10% inhibition under the most 

favorable conditions.  The screen was performed and it was found that the error in the 

assay was approximately 7%, and therefore it was unlikely that any of the potential hits 

were inhibitors with any confidence.   

We explored two possibilities for dealing with this problem, either lower the 

enzyme and template to 20 nM, or use higher compound concentrations that are the same 

as the enzyme and template.  A series of experiments were performed to test the 

feasibility of the first approach.  

Second experiment: The fluorometric primer synthesis reaction were performed 

in duplicate  using either 1/250 or 1/500 dilutions of PicoGreen; either 20, 500, or 1500 

nM Primase; and either 20, 50, or 500 nM template.  

Results: 

The background fluorescence was the same regardless of PicoGreen dilution (data 

not shown). It was subtracted from all values to obtain the background-corrected 

fluorescence intensities.   

Fo: The background-corrected initial fluorescence intensity Fo’ is dependent on 

PicoGreen dilution.  The average from about 17 runs (data not shown) established that 

Fo’ was 14% lower when using 1/500 diluted PicoGreen.  A low Fo is advantageous 

because our signal is determined by F/Fo. 

Fmax/Fo: The maximum signal generated by each combination of primase and 

template is shown in the table below.  In the presence of 20 nM Primase, the signal 

decreases as Template conc is increased above 20  



 

Table 1: Scale Down Results 
PicoGreen [P] [D] Fmax/Fo  

1/250 20 20 2.24  
1/250 500 20 3.39  
1/250 1500 20 10.26  
1/250 20 50 1.08  
1/250 500 50 2.88  
1/250 1500 50 7.80  
1/250 20 200 0.95  
1/250 500 200 2.98 Ratio of  
1/250 1500 200 7.36 500/250 
1/500 20 20 1.54 0.69 
1/500 500 20 3.35 0.99 
1/500 1500 20 10.42 1.02 
1/500 20 50 0.94 0.87 
1/500 500 50 3.12 1.08 
1/500 1500 50 7.70 0.99 
1/500 20 200 0.76 0.80 
1/500 500 200 3.30 1.11 
1/500 1500 200 8.28 1.13 

 

nM. This makes sense because fewer templates can be primed and the Fo increases due to 

so much free Template.  In the presence of 500 or 1500 nM primase, the signal is 

constant or even decreases as the Template is increased to 200 nM.   

PicoGreen dilution: Since all reactions were performed at two different dilutions 

of PicoGreen, the ratio of the two signals can be compared.  The average of ratio of the 

1/500 dilution to the 1/250 dilution is 1.00 ± 0.11 indicating that there is no difference in 

the magnitude of the Fmax/Fo despite the different dilutions.  This means that the 1/500 

should be used to save costs and to make use of the 14% lower Fo. 

Z-factor: The utility of an assay for HTS is determined by its Z-factor. The Z-

factor calculation determines the 95% confidence of the assay.  If the Z-factor is between 

0.5 and 1.0, then the ability to determine “hits” is considered excellent. The equation is 

Z-factor = 1 — (3 x (σp + σn))/(μp — μn), where σ is the standard deviation, μ is the 

average, p is the positive control signal, and n is the negative control. In the case of the 

“Scale Down Test”, the standard deviation was approximately 0.07.  



The 20 nM Primase and 20 nM Template data set indicates that Fmax/Fo is 2.24 

for the 1/250 PicoGreen dilution. Since our negative control generates an Fo/Fo of 1.00, 

all of the numbers can be inserted into the Z-factor equation to find that it is 0.66.  

Experiment 3.  Determine the optimal concentration of DMSO with the goal of 
increasing the signal to greater than 2.  Previously, we used 2% DMSO in the HTS assay.   
Therefore, 2% (previous HTS condition), 10%, 20%, & 40% DMSO was tested.   
Results:  results showed that 20% increased the signal the most, whereas, 40% DMSO 
inhibited DnaG.  
   
Experiment 4.  Optimization of enzyme and template concentrations.  Triplicate test 
reactions were performed w/ 20% DMSO w/o & w/ either 2.5% & 5% PEG & [SaP]= 
[template] in either a 20 uL or 40 uL rxn.  More specifically, 200 nM SaP w/ 200 nM 
template, 100 nM SaP w/ 100 nM template, 50 nM SaP w/ 50 nM template, & 25 nM SaP 
w/ 25 nM template was evaluated.   
 
Results. Results demonstrated that the optimal concentration of SaP was 200 nM.  
Further, PEG did not increase the signal in the presence of DMSO. The % error was the 
same for the 20 uL & 40 uL rxns.  So we now know that we can use 200 nM SaP, 200 
nM template in a 20 uL rxn that contains 20% DMSO with a 1:250 PicoGreen dilution & 
probably even a 1:500 PicoGreen dilution (see Experiment 3 description above for 
PicoGreen dilutions).  

 

Conclusion: The assay has been optimized to identify hits using 200 nM Primase 

and Template with 20% DMSO.  

5.  Demonstration of genus specific modularity of primase in bacteria 
 
Based on the work described above, we belived that primase initiation specificity in all 
Firmicutes and Gamma-proteobacteria would differ, but that the DnaG recognition 
sequences would be shared by members within these bacterial classes.  To examine the 
mechanistic details of the modular functions of bacterial primase we have swapped the 
Zinc-binding domain (ZBD), RNA polymerase domain (RPD), and C-terminal domain 
(CTD) from the Gram-positive Firmicute Staphylococcus aureus primase and the Gram-
negative Gamma-proteobacteria Escherichia coli primase.  In this work we confirmed the 
modularity of primase’s three domains, as well as clarified their function.  More 
specifically, both the ZBD and the RPD of primase were shown to contribute to primer 
synthesis in that the ZBD influenced template specificity and the RPD regulated 
processivity.   
 
Experiments were performed to evaluate primase-helicase cross stimulation between the 
chimeric primases, as well as members of these two different bacterial classes.  We 
determined that the CTD of primase interacts with helicase, but the relative ability of 
Gram-positive Firmicute and Gram-negative Gamma-proteobacteria helicases to 
stimulate primase within the same bacterial class is limited in that only closely related 



microbes can cross-stimulate.  Collectively, these results provide clues to the domain(s) 
involved in primase-helicase and protein-nucleic acid interactions, as well as features 
shared or unique to these two divergent bacterial classes of primases. 
 
This work is summarized in the material presented below.  This will be the basis of a 
manuscript that has not been submitted at the time of this report. 
 
INTRODUCTION 
 
We hypothesized that Gram-positive Firmicute primases have trinucleotide initiation 
specificities that are similar to each other, but that differ from those of Gram-negative 
Gamma-proteobacterial primases.  In addition, we propose that template recognition is 
associated with specific residues in the N-terminal Zinc Binding Domain (ZBD), but 
influenced by the processivity of the RNA Polymerase Domain (RPD).  We also 
hypothesis that the C-terminal Domain (CTD) of primase interacts directly with the 
hexameric helicase, but that an increase in primer synthesis only occurs when both of 
these replication proteins are from the same or closely related bacteria. 
 
To date primase initiation specificity for two Firmicutes and three Gamma-
proteobacteria, as well a member of the bacterial class Aquificae, has been determined.  
We have determined that Bacillus anthracis share initiation specificity with other 
Firmicutes. 
 
RESULTS 
 
Initiation Specificity of Firmicutes, Gamma-proteobacteria, and Aquificae bacterial 
DnaG primases 
 
Table 1.  Bacterial Genome Content, Primase Sequence Homology, and Primase 
Initiation Specificity. 
 

Primer synthesis assays with the B. anthracis DnaG revealed that CTA was the 
preferred initiation trinucleotide and that TTA was also recognized, but to a much 
reduced level, confirming that primases from Firmicutes have the same initiation 
specificity (Table 1).  Therefore, Firmicutes and Gamma-proteobacteria share primase 
initiation trinucleotides with other members within that bacterial class and that these 
DnaG recognition trinucleotides differ from a member of the group Aquificae. 
 
Functional role of each domain in bacterial primase 
 
Figure 1.  De novo primer synthesis by the CTD swapped primases.  Comparison of 
primer synthesis by wild-type DnaG from S. aureus and E. coli to CTD swapped 
primases using ssDNA templates that contain (A) the S. aureus primase recognition 
trinucleotides CTA or TTA or (B) the E. coli primase initiation sequence CTC. 
 



Results showed that the CTD from E. coli DnaG did not substantially alter 
priming specificity by the S. aureus ZBD and RPD with the Firmicute primase 
recognition sequences CTA or TTA (Figure 1A).  Similar to wild-type E. coli primase, 
the chimeric primase containing the ZBD and RPD from E. coli primase with the CTD 
from S. aureus primase did not produce any primers with the Firmicute TTA initiation 
sequence and both primases had only minimal activity with the CTA template. 

Data showed that the CTD of E. coli DnaG is not required for primer production 
on the preferred E. coli primase initiation sequence CTC (Figure 1B).  Moreover, neither 
the absence of the E. coli primase CTD nor the presence of the S. aureus CTD altered the 
length or amount of primers synthesized by the chimeric primase containing the E. coli 
primase ZBD and RPD with the S. aureus primase CTD.  The wild-type S. aureus 
primase and the chimeric primase containing the S. aureus primase ZBD and RPD with 
the E. coli primase CTD only had minimal activity with the CTC template. 

Collectively, these results demonstrate that the CTD of DnaG does not 
substantially influence class-specific template recognition or primer synthesis in the 
absence of helicase. 
 
Figure 2.  Primer synthesis on the CTA and CTC templates by the chimeric protein 
containing the ZBD of S. aureus primase and the RPD and CTD of E. coli primase. 
 

Priming on the Firmicute recognition sequence CTA was retained by the ZBD 
swapped chimera containing the S. aureus primase ZBD, demonstrating that the ZBD 
does indeed have a substantial role in template recognition.  However, the amount of full-
length primers was reduced without the presence of the cognate S. aureus primase RPD. 

In addition, the chimeric primase containing the ZBD of S. aureus primase 
recognized the initiation trinucleotide CTC preferred by wild-type E. coli primase.  These 
results showed that the presence of the E. coli primase RPD contributed to the high 
abundance of primers produced which was approximately 2-fold higher than the amount 
of primers synthesized by wild-type E. coli primase with this template (Figure 1).  These 
data suggested that the high processivity of the E. coli primase RPD releases template 
specificity in this ZBD swapped chimeric primase and that the E. coli primase ZBD may 
also have a regulatory role that negatively affects primer synthesis by wild-type E. coli 
primase. 

Comparison of the different RNA polymer lengths produced with templates 
containing the preferred Firmicute initiation trinucleotide CTA by the chimera containing 
the E. coli primase ZBD and RPD and the CTD of S. aureus primase (Figure 1) with that 
of the chimera containing the ZBD of S. aureus primase and the RPD and CTD of E. coli 
primase (Figure 2) were similar, but the amount of primers produced by the later DnaG 
chimera were substantially higher.  These data further demonstrated the high processivity 
of the E. coli primase RPD when present, but that the ZBD is predominately responsible 
for template specificity. 

Unfortunately, the activity of the chimera containing the ZBD of E. coli primase 
and the RPD and CTD of S. aureus primase was minimal and no trinucleotide specificity 
was observed with either the CTA or CTC templates (data not shown). 



Collectively, these results showed that the ZBD swapped primase exhibited 
hybrid activity without the presence of the cognate RPD, but that template specificity is 
predominately determined by the ZBD and that processivity is controlled by the RPD. 
 
Figure 3.  Residues in the ZBD of DnaG that contribute to template recognition.  (A) 
Multiple sequence alignment of bacterial primase ZBD from selected Firmicutes, 
Gamma-proteobacteria, and Aquificae.  (B) Primer synthesis on the various trinucleotide 
templates by modified DnaG proteins with single and double mutations in the ZBD. 
 
Figure 4.  Primer synthesis by S. aureus and E. coli primases without their cognate CTD 
either in the absence or presence of their respective helicase. 
 

The ZBD and RPD of the primases from S. aureus or E. coli primase were 
sufficient for de novo primer synthesis.  In fact the apparent activity of the truncated 
DnaG without the CTD was higher than the full-length primase, suggesting that the CTD 
negatively regulates the activity of the native bacterial primases.  However, the activity of 
these truncated primases was inhibited by the presence of their respective helicase, 
demonstrating that helicase stimulated primer synthesis requires the CTD of primase. 
 
Figure 5. Helicase stimulation of the CTD and ZBD swapped chimeric primases.  (A) S. 
aureus helicase stimulation of the chimeric primase containing the E. coli primase ZBD 
and RPD and the S. aureus primase CTD.  (B) E. coli helicase stimulation of the chimeric 
primase containing the S. aureus primase ZBD and RPD and the E. coli primase CTD 
and the chimeric primase containing the S. aureus primase ZBD and the E. coli primase 
RPD and CTD. 

 
Unexpectedly, the chimeric primase containing the E. coli primase ZBD and RPD 

with the S. aureus primase CTD was stimulated by S. aureus helicase using the 
Firmicute-specific CTA template (Figure 5A), but not with the CTC template (data not 
shown).  These results suggested that S. aureus helicase does interact with the S. aureus 
CTD, but that the specificity changes without the cognate ZBD and RPD. 

Again the activity of the chimera containing the ZBD of E. coli primase and the 
RPD and CTD of S. aureus primase was minimal, regardless of trinucleotide-specific 
template used, and was not stimulated by the presence of S. aureus helicase (data not 
shown). 

The presence of E. coli helicase influenced primer synthesis by the chimeric 
primase containing the S. aureus primase ZBD and RPD and the E. coli primase CTD 
such that the length of the primers were reduced, similar to the stimulation of wild-type 
E. coli primase by E. coli helicase (Figure 5B).  However, the amount of primers 
produced by the chimeric primase was substantially reduced.  These results show that E. 
coli helicase does interact with the E. coli primase CTD.  However, the presence of the 
cognate CTD to the helicase used for stimulation is not sufficient for optimum 
stimulation, suggesting that the interaction between the ZBD and RPD of DnaG is 
altered. 

Although both the RPD and CTD of E. coli primase were present in the chimeric 
primase containing the S. aureus primase ZBD, E. coli helicase inhibited primer synthesis 



(Figure 5B).  Overall, these data suggested that helicase stimulation modulated primer 
synthesis by a conformational change that alters the interaction between all three primase 
domains, especially if the ZBD and RPD of primase are not from the same bacterium.  
These results further support the notion that the primase-helicase interaction in vivo has 
evolved such that these essential proteins regulate each others activity via modulation of 
the various domains. 
 
Figure 6.  In vivo rescue of E. coli dnaG mutant with wild-type E. coli DnaG and 
chimeric primases that contain the CTD from E. coli DnaG. 
 
Species specificity of primase-helicase interactions 
 
Figure 7.  Cross-stimulation of Firmicute and Gamma-proteobacterial primases and 
helicases.  (A)  S. aureus helicase stimulation of primases from B. anthracis and G. 
stearothermophilus and vice versa.  (B)  E. coli helicase stimulation of primases from Y. 
pestis and P. aeruginosa and vice versa. 
 

G. stearothermophilus helicase inhibited S. aureus primase activity possibly due 
to inherent differences between mesophilic versus thermophilic replication enzymes 
(Figure 7A). 
 

E. coli helicase stimulated Y. pestis primase and Y. pestis helicase stimulated E. 
coli primase.  However, the helicases from E. coli and Y. pestis did not stimulate P. 
aeruginosa primase, nor did P. aeruginosa helicase stimulate the primases from E. coli 
and Y. pestis (Figure 7B).  Collectively, these results demonstrated that the replicative 
helicase must be from closely related bacteria in order to functionally interact with DnaG 
and stimulate primer synthesis. 
 
Structural differences in Firmicute and Gamma-proteobacterial DnaG CTDs 
 
Figure 8.  Model of primase-helicase complex at DNA replication fork. 
 
Confirmed modularity of DnaG primase’s three domains: the ZBD, the RPD and the 
CTD, as well as clarified the functional role of these domains. 
 
Domain swapping of primase from S. aureus and E. coli revealed that the CTD swapped 
chimeras exhibited activity that corresponded to the chimeric primase ZBD and RPD and 
that primer synthesis was similar to that of the wild-type DnaG in the absence of helicase.  
Therefore, the presence of a CTD from a primase that is from a different bacterial class, 
has a minimal role in primer synthesis activity by the ZBD and RPD in the absence of 
helicase.  In contrast, the ZBD swapped primases displayed hybrid activity, suggesting 
that any modulation of the linker region between the ZBD and RPD will alter primer 
production.  Overall, these results demonstrated that the ZBD influences trinucleotide 
specificity and that the RPD controls processivity. 
 



Demonstrated that the ZBD and RPD of bacterial primases are sufficient for de novo 
primer synthesis and therefore, confirmed that the CTD is not required for primer 
synthesis in the absence of helicase.  In addition, these truncated primases have higher 
activity than the corresponding full-length DnaG in the absence of helicase and that in the 
presence of helicase, primase activity by the ZBD and RPD was inhibited, suggesting an 
autoregulatory role for the CTD. 
 
Species specificity of primase-helicase interactions 
 
CTD domain swapping of primase from S. aureus and E. coli revealed that the presence 
of the CTD that corresponds to the helicase was not sufficient for stimulated primer 
synthesis and that the interaction between all three primase domains was critical for 
helicase stimulated primer synthesis. 
 
Cross-stimulation between primase and helicase was restricted to only closely related 
members of the same bacterial class. 
 
Structural differences in Firmicute and Gamma-proteobacterial DnaG CTDs 
 
A model was proposed of the primase-helicase complex that explains the productive 
interaction of these essential proteins at the replication fork that results in stimulated 
primer synthesis and that is species specific. 



 
FIGURES and FIGURE LEGENDS 

 
Table 1.  Bacterial Genome Content, Primase Sequence Homology, and 
Primase Initiation Specificity. 
 
 
Gram-positive Firmicutes         
  

Overall/ZBD 
Microbe  G/C Contenta  %ID (% Similarity)b  Trinucleotide 
Initiation Specificity 
S. aureus (N315) 33%   100 (100)/100 (100)  CTA>TTA 
B. anthracis (Ames) 35%   37 (51)/53 (64)   CTA>TTAd 
G. stearothermophilus NAe   36 (47)/53 (61)   CTA>TTAf  

 
 
Gram-negative Gamma-proteobacteria       
  
      Overall/ZBD 
Microbe  G/C Contenta  %ID (% Similarity)b  Trinucleotide 
Initiation Specificity 
E. coli (K12)  51%   100 (100)/100 (100)  CTC>CTG 
Y. pestis (CO92) 48%   77 (82)/90 (96)   CTG>CTA 
P. aeruginosa (PA01) 67%   56 (67)/63 (74)   CTG>CTA  
 
 
Gram-negative Aquificae         
  

Overall/ZBD 
Microbe  G/C Contenta  %ID (% Similarity)c  Trinucleotide 
Initiation Specificity 
A. aeolicus  43%   34(47)/48 (55) & 36 (48)/41 (49) CGC>CCG  
 
aPercent G/C content in the bacterial chromosome. 
bPrimase sequence identity and similarity are relative to S. aureus DnaG for the Firmicutes and 
relative to E. coli DnaG for the Gamma-proteobacteria. 
cPrimase sequence identity and similarity are relative to S. aureus DnaG and E. coli DnaG, 
respectively. 
dPrimase initiation specificity determined in this study. 
eMicrobial genome sequencing project not incomplete and in-progress. 
fData derived from Twirlway and Soultanas (2006) and confirmed by our laboratory. 
 



Figure 1.  De novo primer synthesis by the CTD swapped primases.  
Comparison of primer synthesis by wild-type DnaG from S. aureus and E. coli to 
CTD swapped primases using ssDNA templates that contain (A) the S. aureus 
primase recognition trinucleotides CTA or TTA or (B) the E. coli primase initiation 
sequence CTC. 
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Figure 2.  Primer synthesis on the CTA and CTC templates by the chimeric 
protein containing the ZBD of S. aureus primase and the RPD and CTD of E. coli 
primase. 
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Figure 3.  Residues in the ZBD of DnaG that contribute to template recognition.  
(A) Multiple sequence alignment of bacterial primase ZBD from selected 
Firmicutes, Gamma-proteobacteria, and Aquificae.  (B) Primer synthesis on the 
various trinucleotide templates by modified DnaG proteins with single and double 
mutations in the ZBD. 
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Figure 4.  Primer synthesis by S. aureus and E. coli primases without their 
cognate CTD either in the absence or presence of their respective helicase. 
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Figure 5. Helicase stimulation of the CTD and ZBD swapped chimeric primases.  
(A) S. aureus helicase stimulation of the chimeric primase containing the E. coli 
primase ZBD and RPD and the S. aureus primase CTD.  (B) E. coli helicase 
stimulation of the chimeric primase containing the S. aureus primase ZBD and 
RPD and the E. coli primase CTD and the chimeric primase containing the S. 
aureus primase ZBD and the E. coli primase RPD and CTD. 
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Figure 6.  In vivo rescue of E. coli dnaG mutant with wild-type E. coli DnaG and 
chimeric primases that contain the CTD from E. coli DnaG. 
 
 
Legend: 
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temperature 
 
Clone 13 = EcP(Z+R)/SaP(C) (- control):  Expect no growth at nonpermissive temperature 
 
Clone 10 = SaP(Z+R)/EcP(C):  Expect slight growth at nonpermissive temperature 
 
Clone 5 = SaP(Z)/EcP(R+C):  Expect very slight growth at nonpermissive temperature 
 



 
II.)  Species specificity of primase-helicase interactions. 
 
Figure 7.  Cross-stimulation of Firmicute and Gamma-proteobacterial primases 
and helicases.  (A)  S. aureus helicase stimulation of primases from B. anthracis 
and G. stearothermophilus and vice versa.  (B)  E. coli helicase stimulation of 
primases from Y. pestis and P. aeruginosa and vice versa. 
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G. stearothermophilus helicase inhibited S. aureus primase activity 
possibly due to inherent differences between mesophilic versus thermophilic 
replication enzymes (Figure 7A). 
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E. coli helicase stimulated Y. pestis primase and Y. pestis helicase 
stimulated E. coli primase.  However, the helicases from E. coli and Y. pestis did 
not stimulate P. aeruginosa primase, nor did P. aeruginosa helicase stimulate the 
primases from E. coli and Y. pestis (Figure 7B).  Collectively, these results 
demonstrated that the replicative helicase must be from closely related bacteria 
in order to functionally interact with DnaG and stimulate primer synthesis. 
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IV.)  Structural differences in Firmicute and Gamma-proteobacterial DnaG 
CTDs. 
 
Figure 8.  Model of primase-helicase complex at DNA replication fork. 
 
 

 
 
 
 



DISCUSSION 
 

Data obtained to date by our studies strongly suggest that primases from 
both Firmicutes and Gamma-proteobacteria preferentially initiate de novo primer 
synthesis on a CTN trinucleotide in the template and subsequently produce a 
primer that begins with 5’-AG-3’, differing from Aquifex aeolicus initial 
ribonucleotides 5’-CG-3’.  We propose that the primases from Gram-positive 
Firmicutes initiated primer synthesis on the trinucleotide CTA and probably 
evolved to use trinucleotide TTA due to their AT-rich genome, supporting a 
relationship between primer synthesis initiation and genome content.  Gram-
negative bacterial primases that presumably evolved from Gram-positive 
Firmicutes evolved to preferentially initiate primer synthesis on DNA templates 
that contain CT(G/C) since their genomes contain a relatively higher G+C 
content.  In contrast, A. aeolicus most likely evolved from Firmicutes and adapted 
to an environment with high temperatures by using initiation trinucleotides that 
are comprised of all guanines and cytosines (CGC>CCG), enhancing the stability 
of the DNA-RNA complex during the rate limiting primer synthesis step of 
dinucleotide formation. 
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Abstract 

The study of primases from model organisms such as Escherichia coli, phage T7, and 

phage T4 has demonstrated the essential nature of primase function, which is to generate 

de novo RNA polymers to prime DNA polymerase. However, little is known about the 

function of primases from other eubacteria.  Their low primary sequence homology may 

result in functional differences. To help understand which primase functions were 

conserved, primase and its replication partner helicase from the pathogenic Gram-

positive bacteria Staphylococcus aureus were cloned, expressed, and purified.  Its 

conserved properties were slow kinetics, low fidelity, poor sugar specificity, and 

stimulation of activity by helicase. When compared to the activity of Escherichia coli 

primase, however, the S. aureus primase had higher activity and was less stimulated by 

its helicase. An even more significan difference between these two primases was that the 

initiation specificity of S. aureus primase was not broadened by its interaction with its 

fork helicase. 



Introduction 

Primase is the specialized DNA-dependent RNA polymerase that generates short 

oligoribonucleotide polymers de novo elongated by DNA polymerase to initiate DNA 

synthesis (1, 2). During bacterial DNA replication on a circular chromosome, primase 

initiates leading strand synthesis at least once and lagging strand synthesis many times. In 

Escherichia coli and Staphylococcus aureus, conditionally lethal mutations in the 

primase genes yielded a lethal phenotype under the non-permissive conditions, 

demonstrating the essentiality of the enzyme (3, 4). The indispensable function of 

primase and the structural divergence of the eukaryotic and prokaryotic primases (5, 6) 

have lead to the identification of the enzyme as a target for novel antibiotic development 

(7, 8). 

An important consideration for using primase as an antibiotic target is whether or not 

the low primary sequence homology among the eubacterial primases has any functional 

relevance. The E. coli DnaG gene product is the model eubacterial primase because its 

structure and function have been extensively characterized. It has been demonstrated that 

the E. coli primase is slow (9), has low-fidelity (9), binds G4-ori ssDNA as a dimer (10, 

11), and that DnaB helicase stimulates its catalytic activity over 15-fold (12). E. coli 

primase specifically initiates RNA primer synthesis complementary to the trinucleotide 

5’-d(CTG)-3’ in vitro (13). In addition to stimulating primase activity, E. coli DnaB 

helicase has been shown to release primase initiation specificity such that most templates, 

even those lacking the trinucleotide d(CTG), support some measurable RNA primer 

synthesis in vitro (13). 



The two bacterial-like primases that have been studied in the greatest biochemical 

detail are T7 gene 4 protein and T4 gene 61 protein (2). They share many similarities 

with E. coli primase including trinucleotide initiation specificity, although T7 primase 

recognizes d(GTC) and T4 primase recognizes d(GTT). T7 gene 4 differs significantly 

from the primases of T4, E. coli and other bacterial primases in that its N-terminus is a 

homologous primase but its C-terminus is a helicase that homohexamerizes. The gene 4 

helicase is a homolog of bacterial DnaB helicases and the T4 gene 41 helicase. Both E. 

coli DnaB and T4 gene 41 helicase are functional homohexamers that bind and stimulate 

the activity of their respective primases.  

Recently, it was demonstrated that the primases and replication fork helicases from 

mesophilic S. aureus and thermophilic Geobacillus stearothermophilus have properties 

that diverge from their E. coli homologs (14, 15).  Both primases initiated from 5’-TTA-

3’ and 5’-CTA-3’. The two enzymes differed in that the fork helicase endows very little 

stimulation on primer synthesis activity in the G. stearothermophilus system but a great 

deal in the S. aureus system.  In light of these findings, we investigated whether other 

biochemical differences might exist. The results demonstrated that S. aureus primase 

elongates with high fidelity in contrast to the low fidelity of E. coli primase. There was 

also no change in S. aureus primase initiation specificity was observed when stimulated 

by its helicase.  Therefore, there are three major differences between the S. aureus and E. 

coli systems.  

 



MATERIALS AND METHODS 

Chemicals. HPLC-purified synthetic oligonucleotides (Table 1) were obtained from 

Integrated DNA Technologies (Coralville, IA). Magnesium acetate, potassium glutamate, 

HEPES, Brilliant Blue Colloidal stain, and DTT were obtained from Sigma (St. Louis, 

MO). Ribonucleoside triphosphates (NTPs) were purchased from Promega (Madison, 

WI). Deoxyribonucleoside (dNTPs) and dideoxynucleoside triphosphates (ddNTPs) were 

obtained from Roche Molecular Biosystems (Mannheim, Germany). Primer lengths and 

quantities were measured on a WAVE HPLC Nucleic Acid Fragment Analysis System 

with a DNASep HPLC column from Transgenomic (Omaha, NE). 

Expression and purification of S. aureus primase and S. aureus DnaC helicase. 

The primase and DnaC helicase from Staphylococcus aureus sp. strain N315 were 

cloned, expressed, and purified as described (14). The wildtype S. aureus primase was 

prepared as the N-terminal GST-fusion to overcome solubility problems that were 

encountered in its absence. Note that S. aureus DnaC helicase is the ortholog of E. coli 

DnaB helicase.  

Primer synthesis assay. RNA primer synthesis reactions were performed in 100 μl 

nuclease-free water reactions containing 50 mM HEPES, 100 mM potassium glutamate, 

pH 7.5, 10 mM DTT, 400 μM NTPs and 10 mM magnesium acetate. DnaC helicase 

(typically 133 nM hexamer) and ssDNA template (typically 2 μM) were present before 

the reactions were initiated with primase (typically 2 μM).  The samples were incubated 

at 30 °C for the indicated amount of time (typically 30 to 90 min) and then quenched by 

heat inactivation at 65 °C for 10 min. The samples were desalted in a Sephadex G-25 spin 

column (Amersham, Piscataway, NJ), speed vacuumed to dryness, the pellet re-



suspended in 1/10th the original volume of water, and then 8.0 μL of the sample was 

analyzed by HPLC under thermally-denaturing conditions at 80 °C as previously 

described (16). The flow rate and acetonitrile gradient allowed detection of both the RNA 

and ssDNA template peaks, which were detected by absorbance at 260 nm.  Retention 

time fluctuations for the RNA peaks were minimized by adjustment relative to the 

ssDNA template retention time.   

Primer synthesis quantification. The moles of primers were quantified by using the 

template as an internal standard.  First, the area under each RNA peak and the template 

peak were background-corrected and its area summed such that it had units of mV•min.  

Next, all areas were then divided by their relative extinction coefficients (Table 1 & 2).  

Finally, each reaction’s template concentration was used in conjunction with its mole-

adjusted area to determine the molarity (or moles) of each primer length.  Total primer 

synthesis is reported as the sum of moles of all primer lengths.  This approach also had 

the advantage that it eliminated the variability introduced to the system when the samples 

were spun, dried, resuspended, and injected.  

Mathematical models. During primer synthesis, one primase binds to one template, 

synthesizes a short RNA polymer complementary to it, and may or may not dissociate. 

Therefore, the kinetic model in a pool of nucleotides is: 

P + D
k1⎯ → ⎯ 
k −1

← ⎯ ⎯ PD kcat⎯ → ⎯ PDR
, 

where P is primase, D is the ssDNA template, and R is the short RNA polymer called a 

primer.  Since primer synthesis is the rate-limiting step, then k-1 > kcat and the KM is 

essentially equal to the KD. Therefore, as shown previously (9), primer synthesis is a 

first-order process controlled by the concentration of primase-template as R = Rapp max (1 - 



exp(-kcat*t)), where Rapp max is the apparent maximum number of primers synthesized, and 

kcat is the first-order catalytic rate (shown to be 2.4 x 10-4 s-1 below). Rapp max should be 

proportional to the PD concentration capable of priming and when the time is held 

constant at say 90 min, the fraction of primed templates should reach 0.726 (= 1 - exp(-

0.00024 s-1 x 5400 s)). The reaction kinetics were fit to the indicated equations using 

Prism 4 for Macintosh (GraphPad Software, San Diego, CA). 

Chemical crosslinking. The oligomeric state of the GST-primase was determined by 

chemical crosslinking with disuccinimidyl suberate (DSS) followed by denaturing gel 

electrophoresis (17). Each 20-μL reaction contained 4 μM GST-primase, with or without 

300 μM DSS, and with or without 5 mM DTT in a buffer of 50 mM HEPES, pH 8.0.  

Each sample was incubated for 40 min at room temperature, diluted 1:2 into denaturing 

buffer (125 mM Tris, pH 6.8, 4% sodium laurylsulfate, 20% glycerol), and heated to 90 

°C for 10 min to denature any noncovalent protein interactions.  Each lane of the 4% 

stacking gel and 7.5 to 17% gradient resolving gel was loaded with 25 μL of the 1:2 

sample. The electrophoresis buffer was 25 mM Tris, 192 mM glycine, 0.1% sodium 

laurylsulfate, pH 8.3.  The proteins were visualized with colloidal Coomassie blue stain 

and the band intensities quantified in an Epi Chemi II Darkroom Gel Documentation 

System (UVP Labs, Upland, CA). The high molecular weight calibration proteins were 

from GE Healthcare (Buckinghamshire, UK). The DSS and Coomassie were from Sigma 

Chemical Co. (St. Louis, MO). 



RESULTS 
The purpose of this study was to determine the kinetic properties of S. aureus primase 

so that they could be compared to those of other primases, particularly E. coli. 

Quaternary structure of GST-primase. The quaternary structure of an enzyme must 

be known before detailed kinetic studies can be designed and/or interpreted.  In our 

previous study, it was shown that the Schistosoma japonicum GST tag was required to 

enhance the solubility of S. aureus primase (14).  Since others have shown that free GST 

protein is dimeric in vitro (18) and in crystal form (19, 20), it was necessary to determine 

the fusion protein’s quaternary structure.  In the presence of reducing agent, 4 μM GST-

primase electrophoresed as a monomer at a size of 100 kDa, the predicted size of the 

fusion protein (Fig. 1, lanes 2). Other workers have reported that GST can undergo 

oxidative aggregation to form both functional dimers and larger nonfunctional 

aggregrates (21). When the reducing agent was omitted from GST-primase (Fig. 1, lane 

1), densitometric scanning showed that 9% of the protein electrophoresed as larger 

aggregates but none of it as a dimer.  Further studies with native gel electrophoresis in the 

presence of a reducing agent showed that 35 μM GST-primase did not form a 

heterodimer or larger aggregates when incubated with 150 μM free GST (data not 

shown).  Collectively, these results indicated that the GST tag on primase was not 

capable of forming oxidized dimers. 

The quaternary structure of GST-primase was investigated further by chemical 

crosslinking in the presence and absence of reducing agent.  When 4 μM protein was 

incubated with 300 μM DSS but no DTT and then subjected to denaturing gel 

electrophoresis (Fig. 1, lane 3), only 41% of the fusion protein electrophoresed as a 



monomer.  The remaining 59% were large aggregates that did not migrate into the gel 

(data not shown).  No protein bands were present that would be consistent with 

dimerization. When GST-primase was incubated with DSS in the presence of a reducing 

agent, 79% of the material electrophoresed as a monomer and the remainder as higher 

aggregrates. This property is very different from free GST, 100% of which migrated as 

dimers after being crosslinked (22).  Therefore, primase with a GST tag is a stable 

monomer under reducing conditions but is capable of forming large crosslinked networks 

under oxidizing conditions.  All of the experiments described below are under reducing 

conditions. 

Effect of free GST on GST-primase activity. Free GST was added to the GST-

primase to determine whether GST dimerization was capable of affecting the activity of 

the fusion protein. When 1.5 μM primase and 2 μM ssDNA were incubated in the 

absence or presence of 1.5 μM free GST, the activity actually rose by 5.8% (the average 

of duplicate experiments), which was within the normal range of measurement error for 

these experiments.  When 15 μM free GST was added to the reaction, primer synthesis 

activity was reduced by 12% compared to the absence of GST, indicating weak 

interference and consistent with a Ki of 110 μM. Therefore, the GST domain of GST-

primase does not readily form dimers and does not need to be considered within our 

working concentration range. 

S. aureus primase kinetic rate under optimal conditions. RNA primer synthesis 

takes place when primase is incubated with magnesium ion, a mixture of four NTPs, and 

a ssDNA template containing an initiation trinucleotide located 6 nucleotides from the 3’-

end (Scheme 1). Primer lengths and amounts were quantified using a denaturing HPLC 



assay that is capable of resolving the base and sugar composition of the products (16) and 

analyzed as described in the Materials and Methods. While optimizing the conditions for 

S. aureus primase activity, it was found that the optimal temperature for in vitro primer 

synthesis was 30 °C, with reduced activity at 37 and 15 °C and no detectable activity at 0 

or 42 °C (data not shown). Analysis of primase activity at various magnesium 

concentrations determined that the greatest activity was constant between 10 and 20 mM. 

There were no RNA primers synthesized in the absence of magnesium and concentrations 

greater than 20 mM were inhibitory. Primase activity was undetectable in the absence of 

NTPs, nearly saturated at a NTP concentration of 400 μM, and was maximal at 800 μM. 

Therefore, 30 °C, 10 mM magnesium ion, and 400 μM NTP concentrations were used for 

all subsequent experiments. 

Under the standard conditions, the primer synthesis catalytic rate was measured in the 

presence of 2 μM primase and 1 μM ssDNA (Fig. 2). The kinetic data conformed to a 

single-mode binding saturation relationship P = Papp max exp(1 - kcat*t), where P was the 

moles of primer synthesized at any given time, Papp max was the apparent maximum 

number of primers synthesized, and kcat was the first-order catalytic rate. Nonlinear 

regression of the data yielded a Papp max of 48.7 ± 0.5 pmol RNA primers and a kcat of 24.2 

(± 0.6) x 10-5 s-1 and an R2 of 0.9988. Given that there were 100 pmol template in the 

reaction, 49% of the templates were primed during the course of the reaction.  The was 

higher than the 25% observed with E. coli primase using the d(CTG) template that was 

also blocked at its 3’-terminus under similar conditions (16), indicating that S. aureus 

primase had somewhat higher affinity for its ssDNA template than does E. coli primase.  

The primer synthesis rate for S. aureus primase was an order of magnitude slower than 



the rate for E. coli primase (kcat of 0.00251 s-1) (9, 16) and confirms that de novo primer 

synthesis is very slow regardless of the bacterial primase source.   

Primase concentration dependence. Given that S. aureus primase was monomeric, its 

activity should be proportional to its concentration. At primase below 400 nM, only 

primers less than full length were synthesized (Fig. 3A).  As the primase concentration 

was increased to 1.2 μM, all lengths of primers increased and the full-length primers 

began to grow in. Assuming that primase initiated from the central nucleotide and 

elongated to the end of the template, the full-length primer would be 16 nucleotides as 

indicated on the figure.  Above 1.2 μM primase, the amount of full-length primers 

preferentially increased.  This pattern of activity suggested that S. aureus primase 

preferentially synthesized primers that were 8 to 10 nucleotides during its first burst of 

trinucleotide-initiated synthesis, either stalled or dissociated, and then elongated from the 

short primer’s 3’-end until it ran out of template sequence.   

When the moles of primer at each length were quantified and then summed to yield 

total primers synthesized, it was observed that primer synthesis conformed to a 

hyperbolic relationship with primase concentration (Fig. 3B). This indicated that primase 

and template were present at limiting concentrations and formed a stoichiometric 

complex.  Since the total concentration of template and primase were known, the data 

were fit to a quadratic expression that accounted for the maximum fraction of primase-

template complex. The fit indicated that 100% of the templates would be primed at 

saturating primase concentration (R2 = 0.985) and that the apparent dissociation between 

primase and its ssDNA template was 112 ± 31 nM.  This affinity was about 6-fold greater 

than the affinity between E. coli primase and its ssDNA template (9).   



Primase nucleotide sugar specificity and identification of the initiating nucleotide. 

In a previous study, S. aureus primase primarily initiated RNA primer synthesis 

complementary to the trinucleotides d(TTA) and d(CTA) (14). It had no activity on 

nineteen other templates including the d(CTG) template that supports E. coli primase 

activity. It was also shown that the S. aureus DnaC primase interacted functionally with 

the S. aureus helicase but not with the E. coli helicase (14). These observations 

confirmed that the activity observed with the recombinant S. aureus proteins were not the 

result of any contaminating E. coli proteins from the E. coli overproducing strain. 

The presence of a single template guanosine at the antepenultimate position of the 

d(TTA) template (Scheme 1) was engineered to examine the site-specific insertion 

properties of the S. aureus primase. A series of experiments were performed (Fig. 4) to 

explore the insertion specificity while at the same time establishing primer lengths and, 

therefore, the initiating nucleotide. When CTP was omitted from the reaction, S. aureus 

primase generated only one major RNA product (Fig. 4A, lowest chromatogram). This 

corresponded to the 13-mer RNA species according to our previous study (16). When the 

absorbance scale was increased (data not shown), it was observed that some primers were 

longer than the 13-mer indicating that some mis-insertion was taking place.  

When 400 μM CTP was included in the reaction, the major product was 16-mer RNA 

plus some 15- and 14-mer RNA (Fig. 4A, second lowest chromatogram). When dCTP 

was present at 25 or 75 μM, the 13-mer paak decreased while a new peak about one 

nucleotide longer intensified along.  Two other peaks also grew in but with lower 

intensity.  None of these three peaks corresponded with the all-RNA primer elution 

peaks. In a previous paper, we showed that the missing hydroxyl makes a deoxyribose 



more hydrophobic than a ribose so that it interacts more strongly with the alkylated 

nonporous polystyrene-divinylbenzene copolymer of the reversed phase column (16). 

Therefore, the species that is one nucleotide longer is terminated with a 

deoxyribonucleoside (dC14 in Fig. 4A) and the two primer species longer than the 14-

mer have elongated from the deoxyribolyated terminal sugar.  The lower yields of these 

two elongated primers indicated that primase did so with a lower relative efficiency than 

from a ribosylated 3’-hydroxyl group. 

When ddCTP was present at 25 or 75 μM, S. aureus primase, a new peak grew in at a 

much longer elution time (Fig. 4A, top two chromatograms). The two missing hydroxyls 

of a terminal ddNMP were much more hydrophobic than a ribo-terminated polymer (16) 

so that it eluted much later than the equivalent ribo-terminated 14-mer. As expected, no 

products longer than this peak were observed because insertion of a 

dideoxyribonucleotide causes chain termination. Nevertheless, the ddCTP concentration 

dependence was similar to that for dCTP, indicating that they are inserted with similar 

efficiencies and indicating a lack of nucleotide sugar discrimination. 

When the chromatogram peaks were quantified and the fraction of primers longer than 

14-mers fit to a Michaelis-Menten-like relationship, it was discovered that 5 (± 2)% of 

the primers in the absence of CTP were the result of mis-insertion at position 14. This 

was similar to E. coli primase in which 6% of RNA primers were longer than 13 

nucleotides under nearly indentical conditions (9). The fits further indicated that the K50 

for ddCTP insertion was 27 ± 1 μM (R2 = 0.9995) and for dCTP insertion plus 

incorporation was 44 ± 4 μM (R2 = 0.997).  The S. aureus enzyme inserts 

dideoxynucleosides more readily than it inserts deoxynucleosides. 



Single-stranded DNA concentration dependence. To determine the stoichiometry or 

possible sigmoidicity of ssDNA template binding, primer synthesis was measured as a 

function of CTA template.  Below 800 nM template, the predominant product was the 

full-length 16-mer (Fig. 5A). As the ssDNA was increased, more of the shorter primers 

were synthesized.  The simplest interpretation was that the first functionally bound 

primase synthesized a short primer of 8-12 nucleotides and then stalled or dissociated.  

Time and/or more primase were able to prime the remaining templates and to elongate 

from the initial short primers.   

When the moles of primer at each length were quantified and then summed to yield 

total primers synthesized, it was observed that primer synthesis conformed to a 

hyperbolic relationship with ssDNA concentration (Fig. 5B). This confirmed that primase 

and template were present at limiting concentrations and were forming a stoichiometric 

complex.  Since the total concentration of template and primase were known, the data 

were fit to a quadratic expression that accounted for the maximum fraction of primase-

template complex. The fit indicated that 100% of the templates would be primed at 

saturating ssDNA concentration (R2 = 0.993) and that the apparent dissociation between 

primase and its ssDNA template was 87 ± 17 nM. This was the same value as determined 

from the primase titration in Figure 3.   

S. aureus primase stimulation by replicative helicase. We have previously shown 

that S. aureus primase was stimulated by its replicative helicase (14) but we did not 

establish the level of helicase stimulation.  Therefore, a series of experiments were 

performed in which a range of S. aureus DnaC helicase (up to 500 nM hexamer) was 



incubated with S. aureus primase at three low concentrations (100, 200 or 400 nM) and 2 

μM d(TTA) template. 

At 100 nM primase, there was very little primer synthesis in the absence of DnaC 

helicase (Fig. 6A). As the DnaC concentration increased up to 67 nM hexamer, the 

amounts of the entire range of primer lengths increased.  The areas beneath all primer 

lengths remained roughly constant as the DnaC was increased up to 250 nM hexamer but 

then decreased at 500 nM hexamer. Even though the total primer yield was effected by 

DnaC, the pattern of primer lengths was not. This effect was contrary to the observation 

that the helicase shortened the primers in the E. coli system (12). 

Similar results were observed with 400 nM primase (Fig. 6B) and 200 nM primase 

(chromatograms not shown) with the following exceptions: a) there were significant 

numbers of primers synthesized in the absence of DnaC; b) 500 nM DnaC hexamer did 

not cause the same degree of inhibition; and c) the DnaC stimulatory effect saturated at 

higher concentrations as the primase concentration was increased. In fact, maximum 

stimulation of 200 nM primase occurred between 133 and 250 nM helicase hexamer and 

maximum stimulation of 400 nM primase occurred between 200 nM and 500 nM. Since 

100 nM primase stimulation saturated between 33 and 67 nM, these ratios all suggested 

that saturation of 2 primases per DnaC hexamer was optimal.  The apparent inhibition of 

100 nM primase activity by 500 nM DnaC may be due to dilution of the primase 

monomers bound to the DnaC hexamer or primase-free DnaC hexamers that sequester the 

ssDNA.   

When the moles of primer at each length were quantified and then summed to yield 

total primers synthesized, it was observed that primer synthesis conformed to a 



hyperbolic relationship with regard to DnaC concentration (Fig. 6C). This indicated that 

the multiple primase monomers were binding independently to the DnaC hexamer.  The 

velocities in the absence and presence of saturating helicase were determined by fitting 

the data to a saturation relationship (Fig. 6C lines through the data) resulting in a poor fit 

for the 100 nM primase data (R2 = 0.53) but with increasingly better fits for the 200 nM 

(R2 = 0.82) and 400 nM (R2 = 0.986) primase data. When the primase activity in the 

absence of DnaC and in the presence of extrapolated saturating DnaC were plotted versus 

primase concentration (Fig. 6D), the relationships were roughly linear.  This was 

expected because these reactions were performed with a short incubation time and in the 

presence of low primase concentration relative to 2 μM d(TTA) template.  The ratio of 

the slopes for primase activity with and without DnaC indicated that the helicase 

stimulated primase activity by 3.5-fold.  This was greater than the stimulation observed in 

the G. stearothermophilus system (15) and less than the 15-fold stimulation in the E. coli 

system (12).  

Effect of helicase on primase initiation specificity. When E. coli primase activity was 

stimulated by its replicative helicase, it initiated from all trinucleotides that were tested 

(12, 13). To determine whether S. aureus DnaC also relaxed the initiation specificity of 

its primase, the d(TTA), d(CTT), d(CTG), or d(TTT) templates (2 μM) were incubated 

with primase (400 nM) and DnaC (133 nM hexamer) for 30 min (Fig. 7). The d(TTA) 

template was the only one that supported a significant amount of RNA primer synthesis, 

just as it was the best template for primase when it acted alone. Therefore, S. aureus 

DnaC helicase did not relax the initiation specificity of S. aureus primase. 

 



DISCUSSION 

The observations made in this study suggest that most but not all properties of the 

eubacterial primase protein are conserved. The findings complement the growing amount 

of structural and functional data for this important class of proteins.   

Functional similarities related to mechanism and substrate specificity. The S. 

aureus and E. coli enzymes are most similar during the initiation phase of their 

mechanisms. Both enzymes initiated from the central nucleotide of a specific 

trinucleotide sequence within the template. They differ in that S. aureus primase initiates 

primer synthesis primarily from d(TTA) and d(CTA) (14) while E. coli primase initiates 

from d(CTG) (13, 23). Both enzymes form the first phosphodiester bond very slowly and 

the next 8-10 bonds much more quickly.  At this point, the enzyme either becomes less 

processive or dissociates. The structurally divergent eukaryotic/archaeal primases (6, 24, 

25) share these initiation features even though they do not initiate from specific 

trinucleotides (26). Therefore, primases are inherently slow but produce polymers of 

discrete lengths regardless of the primase source. 

A recent macroscopic kinetic model from the Viljoen lab predicts that sampling the 

dNTP pool is a critical factor in determining the elongation rate of DNA polymerases 

(27).  At each step along the DNA template, the polymerase withdraws dNTPs from the 

pool until it finds the complementary nucleotide and only then will it begin catalysis. As 

an analogy to that model, we propose that primer synthesis initiation is slow because 

primase samples both the ssDNA sequence and the available NTP pool until a preferred 

initiating trinucleotide is assembled with two complementary NTPs. Considering that 

primase crystal structures from both the Berger and Kuriyan labs show that the active site 



is very exposed (28, 29), it is reasonable to expect that the complex between the initiation 

trinucleotide and its two complementary NTPs will not be stable until the N-terminal 

zinc-binding domain (ZBD) clamps onto it.  

The S. aureus and E. coli primases are also similar in their low discrimination against 

the insertion of NTPs, dNTPs, or ddNTPs. This lack of sugar insertion specificity is 

shared with eukaryotic primases (30), again indicating an inherent primase function that 

is most likely the result of convergent structural features. Similarly, both bacterial 

primases elongate much slower from a terminal dNMP than from an NMP. For both 

enzymes, insertion of a dNMP may provide a signal to the DNA polymerase to take over. 

Primase is a functional monomer in vitro. There is evidence in the literature that 

primase dimerizes.  For instance, E. coli primase binds to G4 origin-containing ssDNA as 

a dimer according to both crosslinking and electrophoretic mobility shift experiments 

with support from solution binding studies (10). G4ori DNA is very different from the 

unstructured ssDNA used in the current study however. The G4 ori DNA forms hairpins, 

is able to bind ssDNA binding protein in a special way, and most importantly is able to 

bind two primases (9, 11, 23, 31, 32). The ssDNA templates used in this study are 

incapable of forming these special stable hairpins. In another study using fluorescence 

resonance transfer, the ZBD of one Aquifex aeolicus primase monomer was able to bind 

near the active site of another monomer in the presence of ssDNA (33).  These 

experiments were performed at room temperature where this thermophilic primase must 

bind particularly strongly to the ssDNA. When these observations are added to the 

hypothesis that the fork helicase stimulates primer synthesis by serving as a platform 



upon which two or more primases assemble so that they can interact (15, 34), it raises the 

question whether primase is a functional monomer or dimer when it acts alone.    

In the current study with S. aureus primase, the hyperbolic primase-dependence of 

synthesis indicates that primase functions as a monomer in vitro. Primase could not be 

crosslinked to form dimers and our numerous attempts to photocrosslink primase and 

ssDNA using either UV-irradiation of 32P-end labeled ssDNA or iodated uracil-

containing ssDNA showed only monomeric primase-ssDNA complexes (data not shown). 

Therefore, the interaction between primase and ssDNA is weak and transient such that 

fork helicase and/or auxiliary proteins are probably required to bring multiple monomers 

in proximity with one another.   

Functional differences relate to helicase stimulation. The major functional 

differences between S. aureus and E. coli primases relate to their interactions with their 

respective replicative helicases. In the S. aureus system, DnaC helicase stimulates 

primase activity 3.5-fold, does not alter the primase initiation specificity, and does not 

alter the pattern of primers synthesized by very much. The E. coli DnaB helicase 

stimulates its primase by 15-fold, broadens the primase initiation specificity to all 

trinucleotide sequences, and limits the RNA primer size to 12 bases or less (12, 13).  

The different interactions that we have reported for the primase-helicase interaction 

between Gram-negative E. coli and Gram-positive S. aureus may reflect the different 

structures of the primase C-terminal domain (CTD) (35, 36). Specifically, the CTD from 

Gram-negative E. coli primase has a long helix 5 that holds its extreme C-terminal helix-

turn-helix helicase-interacting subdomain far from the 5-helix bundle that makes up its 

other subdomain.  This differs with Gram-positive G. stearothermophilus primase CTD, 



which has two bends in its equivalent to the E. coli helix 5 so that its extreme C-terminal 

helix-turn-helix clusters with the 5-helix bundle.  
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FIGURE CAPTIONS AND FIGURES 

 
FIG. 1. Crosslinking of GST-Primase as analyzed by denaturing gel electrophoresis. 

Primase (4 μM) was incubated in the absence or presence of reducing agent and/or 

crosslinking agent. The sizes of the molecular weight markers are indicated.  The GST-

primase monomer mass is 101.7 kDa based on its sequence.  The GST-primase monomer 

mass is 100.4 kDa as calculated from a comparison to the standards on this gel.   

53

70
76

116

170
220

St
ds —  +   —   +   5 mM DTT

— —   +    +   300 μM DSS

 



 
FIG. 2. Primer synthesis time course was visualized by denaturing HPLC (left) and 

quantified (right). The d(TTA) template was 1 μM, the primase was 2 μM, and the 

samples were incubated for 30, 60, 120 and 180 min. Each sample was gathered in 

triplicate but only one representative chromatogram was reproduced below.  In the figure 

to the right, the average and standard deviation of three experiments were plotted even 

though the size of the circles was sometimes larger than the standard deviation. The line 

through the quantified data conformed to the first-order rate equation.   

 



FIG. 3. Primase-concentration dependence of RNA primer synthesis was visualized by 

denaturing HPLC (left) and quantified (right). The d(CTA) template concentration was 2 

μM, the primase concentrations are indicated on the chromatograms, and all samples 

were incubated for 90 min. The dashed line indicates the theoretical stoichiometric case 

in which 1 primer would be synthesized per template.  The solid line through the 

quantified data conformed to the quadratic equation for primase-ssDNA complex 

formation from its components.   

 



FIG. 4. Site-specific nucleotide insertion was visualized by denaturing HPLC (left) and 

quantified (right). In all reactions, the d(CTA) template concentration was 1.5 μM, the 

primase concentration was 1.5 μM, all samples were incubated for 60 min, and 400μM 

each of ATP, UTP and GTP were present. There was no CTP in any of the samples. The 

d(CTA) template (in fact, all templates) had a guanine in the antepenultimate position so 

that primase would only be able to synthesize a 14-mer that initiated from the 

trinucleotide’s thymine in the presence of CTP or suitable substitutes.  In the 

chromatograms from bottom to top, the samples contained: no CTP, 400 μM CTP; 25 

μM dCTP; 75 μM dCTP; 25 μM ddCTP; and 75 μM ddCTP.  The solid line through the 

quantified data in panel B conformed to a modified Michaelis-Menten relationship that 

allowed for a minimum fraction of mis-insertion and/or mis-incorporation. 

 



 
FIG. 5. Template-concentration dependence of RNA primer synthesis was visualized by 

denaturing HPLC (left) and quantified (right). The d(CTA) template concentration are 

indicated on the chromatograms, the primase concentration was 2 μM, and all samples 

were incubated for 90 min. The dashed line indicates the theoretical stoichiometric case 

in which 1 primer would be synthesized per template.  The solid line through the 

quantified data conformed to the quadratic equation for primase-ssDNA complex 

formation from its components.   

 



FIG. 6. Helicase stimulation of RNA primer synthesis was visualized by denaturing 

HPLC (A shows 100 nM primase, 200 nM primase chromatograms are not shown, and B 

shows 400 nM primase). The concentrations of S. aureus DnaC helicase hexamer are 

indicated on the chromatograms.  The d(TTA) template concentration was 2 μM and all 

samples were incubated for 30 min. The lowest chromatogram in A was a negative 

control containing buffer but no enzymes or ssDNA. After the primer yields were 

calculated, S. aureus primase activity was plotted versus S. aureus DnaC helicase 

concentration and fit to the relevant saturation equation (C). Then, the primase activity in 

the absence (D, open circles) and extrapolated maximal activity in the presence of 

helicase (D, filled circles) were plotted versus primase concentration.  





FIG. 7. Primase initiation specificity when stimulated by helicase was visualized by 

denaturing HPLC. The primase concentration was 400 nM, the DnaC hexamer 

concentration was 133 nM, and all samples were incubated for 30 min. The template 

concentration was 2 μM and had the sequence 5’-CAGA(CA)5XYZ(CA)3-3’, where XYZ 

is the initiation trinucleotide indicated on the chromatograms. 

 



 

SCHEME TITLE AND SCHEME 

 

SCHEME 1. S. aureus primase activity assay using the d(TTA) template. 

 



TABLES 

TABLE 1. Single-stranded DNA templates 

Name 5’-3’ Sequencea ε (M-1cm-1) 

d(CTA) template d(CAGACACACACACACTACACACA) 229,600 

d(CTG) template d(CAGACACACACACACTGCACACA) 225,500 

d(CTT) template d(CAGACACACACACACTTCACACA) 224,700 

d(GTA) template d(CAGACACACACACAGTACACACA) 234,100 

d(TTA) template d(CAGACACACACACATTACACACA) 231,500 

d(TTT) template d(CAGACACACACACATTTCACACA) 226,600 

a The 3’-hydroxyl of all templates is blocked with C3 propanediol.   

 

 



TABLE 2. Molar Extinction Coefficients of Various RNA Polymersa 

Length ε (M-1cm-1) RNA Sequence Relative 
Extinction 
 16 144,000 AGUGUGUGUGUGUCUG (1.000) 
 15 135,000 AGUGUGUGUGUGUCU 0.938 
 14 127,200 AGUGUGUGUGUGUC 0.883 
 13 121,000 AGUGUGUGUGUGU 0.840 
 12 112,500 AGUGUGUGUGUG 0.781 
 11 103,500 AGUGUGUGUGU 0.719 
 10 95,000 AGUGUGUGUG 0.660 
 9 86,000 AGUGUGUGU 0.597 
 8 77,500 AGUGUGUG 0.538 

aThe extinction coefficients were calculated with IDT OligoAnalyzer 3.0 by the nearest 

neighbor method using accurate nucleotide extinction coefficients (37). 
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